Examining the evolution of material properties at extreme conditions advances our understanding of numerous high-pressure phenomena from natural events like meteorite impacts to general solid mechanics and fluid flow behavior. Recent advances in synchrotron diagnostics coupled with dynamic compression platforms have introduced new possibilities for examining in-situ, spatially resolved material response with nanosecond time resolution. In this work, we examined jet formation from a Richtmyer-Meshkov instability in cerium initially shocked into a transient, high-pressure phase, and then released to a low-pressure, higher-temperature state. Cerium's rich phase diagram allows us to study the yield stress following a shock induced solid-solid phase transition. X-ray imaging was used to obtain images of jet formation and evolution with 2-3 µm spatial resolution.
I. INTRODUCTION
The ability to understand the evolution of material properties at extreme conditions is of significant interest within the dynamic high-pressure community, and is relevant to fields ranging from fundamental condensed matter physics to general solid and fluid flow behavior.
These "extreme" states of matter, found in nature during meteorite impacts [1] [2] [3] or within the earth's core, 4, 5 can be created in the laboratory on short timescales (picoseconds to microseconds) using shock waves generated by explosives, lasers, and impact systems. By studying how the shock wave propagates through a material, traditional measurements have provided insight into various phenomena including elastic-plastic deformation, 6, 7 shock-induced phase transitions, [8] [9] [10] equation-of-state, and material strength. [11] [12] [13] In particular, the ability to examine material strength during high strain-rate, dynamic deformation, in both compression and tension, remains a significant scientific challenge because of the difficulty in generating well-defined loading conditions. Furthermore, a material's strength is likely dependent on the details and evolution of the microstructure which is difficult to diagnose. Rayleigh-Taylor instabilities (RTI) have long been used to infer material strength [14] [15] [16] [17] [18] and recently have been instrumental in developing sophisticated constitutive models for the high-pressure, highrate, shockless regimes accessed in such experiments. 19, 20 In contrast, Richtmyer-Meshkov instabilities (RMI) are formed when a shock wave interacts with a perturbation at an interface, and have shown a sensitivity to strength in the post-shock state. 12, 21, 22 Although RMI theory is less developed than RTI, RMI experiments can provide a unique data set to inform constitutive models intended to predict material behavior over a wide range of loading conditions.
In this work, we perform RMI growth experiments 23 using the free surface configuration to estimate the tensile yield stress for cerium following a high-pressure, shock-induced phase transition. Instabilities, or jets, were imaged using state-of-the-art X-ray imaging capabilities coupled to an impact system now available at the Advanced Photon Source. 24, 25 Cerium metal was an ideal choice for examining phase dependent strength because it exhibits a rich and complex phase diagram (see Fig. 1 ) at relatively moderate pressures and temperatures readily accessible using standard high pressure techniques. First studied by Bridgman in the 1920s, 26 cerium has a well-known solid-solid critical point (CP), four known phases at zero pressure, several higher pressure solid phases, and an anomalous melt boundary.
27-30
The low pressure γ (fcc) phase is known to be anomalous, characterized by a negative bulk modulus derivative 31 , and the isostructural transition to the α(fcc) phase at approximately 0.75 GPa is accompanied by a large 13-16 percent volume collapse. 26, 32, 33 Above the CP, the γ-α transition is continuous (in volume) with no change in atomic structure though there are changes in the compressibility. Above 4 GPa, a complex region has been observed consisting of the α′(oC4) and α′′(mC4) phases followed by the ϵ(bct) phase above 13.5
GPa which exists up to Mbar pressures. 27, [34] [35] [36] At higher temperatures (greater than 600 K and below the melt boundary), a direct α to ϵ transition has been reported although there are disagreements in both slope and location of the boundary. [36] [37] [38] During shock wave loading, the Hugoniot passes through the γ phase, α phase, and into the liquid (red curve in Fig. 1 ). Sound speed data on the Hugoniot have shown that cerium begins to melt at approximately 10.2 GPa with no indication of a transition to the ϵ phase within the 5-10
GPa pressure range. 10 Shock loading experiments in the γ-α region of the phase diagram 33 confirm the location of the phase boundary, the associated volume collapse, and the critical point as compared with static data. 31 All experiments in this work were performed in the γ-α region of the phase diagram where there exists an experimentally informed multi-phase equation-of-state 39, 40 (EOS) that can sufficiently describe the continuum response during loading.
The experimental methods and results are presented in Section II and III, respectively, followed by the data analysis and discussion in Section IV. The conclusions are summarized in Section V.
II. EXPERIMENTAL METHODS
Shock waves were generated in the cerium sample (Fig. 2 ) using the IMPact System for ULtrafast Synchrotron Experiments (IMPULSE) located at Sector 32 ID-B of the Advanced Photon Source (Argonne, IL). 24, 25 IMPULSE is a gas-gun system used to launch projectiles at targets which is specifically designed to couple with the X-ray beam at a synchrotron source. Projectiles with copper impactors are accelerated down the gun barrel to impact the cerium located in an evacuated target chamber (< 100 millitorr) and positioned in the X-ray beam. After impact, a shock wave propagates through the cerium sample transforming it from the ambient γ phase into the higher pressure α phase. Subsequently, the shock wave interacts with the grooves and reflects from the back of the cerium sample (which is at zero pressure) generating a release wave that transforms the material back into the γ phase.
These three states that define the loading path are shown in Fig. 1 Metal jets form at the groove locations (Fig. 2) from the cerium sample which is now in a low-pressure, higher temperature state in the γ phase (state C). By measuring the jet height as a function of time combined with the velocity histories for a range of impact stresses, the yield stress can be estimated for cerium following reversion to the γ phase. Note that a minimum impact stress of 5 GPa was chosen to put the shocked state (e.g., state B) well into the α phase and ensure that the release path exceeded the critical point (CP). Following a release path below CP would result in an additional discontinuous volume change associated with the reverse isostructural α − γ transition.
X-ray imaging was used to obtain time-resolved images of jet formation ( were used to measure the jet velocity, the free-surface velocity, and the projectile velocity at impact 42 simultaneously. High-purity cerium samples (99.99%) similar to those used in past work 10 were used for all experiments with a nominal ambient density of 6.687 ± 1% g/cc and an approximate 50 µm grain size. The cerium samples were nominally 1.25 mm in thickness and 9 mm in diameter. Because cerium oxides readily in air, the sample was machined and target assembled within approximately one hour of the experiment. During that time, the assembled target was stored in a container with a desiccant material. Further details of the experiment setup and timing, and the X-ray imaging technique are described elsewhere.
24,25,43

III. EXPERIMENTAL RESULTS
A total of five experiments were performed with impact stresses ranging from 5.30 to 7.64
GPa. The relevant experimental quantities are reported in Table I 
IV. ANALYSIS AND DISCUSSION
We estimated the yield stress from the Richtmyer-Meshkov instability growth using several methods. The first two methods used the formalism developed by Dimonte et al. 12 to determine the yield stress, Y , from the jet velocity history obtained from the PDV data.
The yield stress is given by the equation
where ρ A is the ambient density of the cerium sample, V 0 sp is the peak jet growth rate defined as the difference between the maximum jet and the free-surface velocities, and h max sp is the maximum jet amplitude at saturation. The geometric factor of 0.24 was based on a sinusoidal perturbation which is an approximation of the groove geometry used in this work. 12 The first method used the velocity histories to calculate the quantity kh max sp defined by the equation
where kh The nonlinear behavior of cerium associated with the γ, α region of the phase diagram is inconsistent with such an assumption, and could reasonably be expected to have a significant influence on the hydrodynamics of the instability growth and arrest. To account for these effects, a third approach was used to estimate the yield stress. Continuum simulations were performed using FLAG, a Lagrangian hydrodynamics code. 44, 45 Each simulation used a twodimensional plane strain mesh that spanned two full wavelengths of the perturbation and had periodic boundary conditions to enforce cyclic symmetry (see Fig. 4-A) . The mesh consisted of zones approximately 10 µm on a side for about 42,000 zones total in the domain. The copper impactor was modeled using a tabular equation of state and a Preston-Tonks-Wallace deviatoric strength model. 46 The cerium target was modeled using a modified version 40 of the EOS presented by Elkin, et.al. 39 The modifications adjusted the γ − α phase boundary to better capture the phase transition characteristics and the behavior of the bulk modulus near the phase transition. 31 To compare with the analytic estimates of yield stress, deviatoric strength was modeled using the same assumption of elastic-plastic behavior with a constant yield/flow stress. A predictive constitutive strength model for high-rate problems 19 is beyond the scope of this paper, and a more sophisticated treatment would be required to make use of these data to calibrate such a model. The constant strength model is sufficient to extract an average yield stress that is consistent with the experiments. In the simulations, the copper was initially moving at the impact velocity and at t = 0 impacted the cerium. Depending on the yield stress values used in the simulations, the jet growth generally arrested in under two microseconds from shock breakout, but the simulation continued for several microseconds.
For a given experiment, the yield stress was adjusted iteratively in the simulations until the arrested jet height matched the data. An example calculation for shot 13-030 (Fig. 4) shows the simulation results for three values of Y all plotted at 900 nanoseconds after shock breakout when the jet has arrested. With Y sim = 0.13 GPa (Fig. 4-C) , the jet height matches the observed value (see Fig. 3 ). The simulation indicates strain rates from 1 − 4 × 10 6 /sec during jet growth and arrest, and an accumulated equivalent plastic strain of about 120% in the jet. With Y decreased to half (Fig. 4-D) , the final jet height increases to 240% of the observed value and with Y doubled (Fig. 3-b) , the final jet height is only 24% of the observed value. Velocimetry histories obtained from the calculation (Fig. 3-b) are in reasonable agreement with the experimental data. Considering the lack of strength data in this strain rate regime, and the associated difficulties developing physically based strength models, such sensitivity to the yield stress is very encouraging.
All experimental parameters and quantities are summarized in Table I . The projectile velocity, V p , and the initial groove depths are shown in column 2 and 3, respectively. The peak longitudinal stress and the density in the cerium calculated using available data 10 are shown in column 6 and 7, respectively. The temperatures for the shocked state, T B , and the release state, T C , were calculated using the EOS. These values are shown in columns 8 and 9,
respectively. Values for Y are shown in columns 10 through 12. Estimated uncertainties are listed in the table and standard error propagation was used to estimate the uncertainties in the yield stress values. All results for the yield stress show reasonably good agreement, but the use of images to directly measure the jet height resulted in a 50% decrease in experimental uncertainty. As noted earlier, by using the imaging diagnostic to directly measure the jet height, we could eliminate the uncertainty associated with U s and u f s shock parameters.
The calculated results (Table I ; column 12) generally fall within 13% of estimated values using the simple analytical approximation in spite of the simplifying assumptions used to derive Equations 1 and 2. Overall, the yield stress shows a decrease in value from 0.15 to 0.11 GPa as the post-release temperature increases from about 478 to 557 degrees K (Table   I ; column 9) for peak compressed states of 5.62 to 7.64 GPa.
RMI experiments have been largely limited to the study of elastic-plastic deformation in shocked solids. 12, 47 For example, past work used an explosive drive to launch a non-steady shock wave into a copper sample to examine jet formation during plastic deformation. Proton radiography was used to capture images of the jets and PDV to measure the jet velocities.
Although radiographic images were obtained showing the jet formation, the spatial resolution was not sufficient to estimate the jet height directly from the data. Because of this, Eq. (2) was used to calculate the jet height by integrating the jet velocity histories followed by application of Eq.1 to estimate the yield stress. In the current work, we performed similar RMI experiments using a gas gun system to generate a steady shock wave in cerium to measure the yield stress following a shock-induced solid-solid phase transition. The jet evolution was diagnosed using X-ray imaging with micrometer spatial resolution and PDV to measure the jet velocities. Yield stress values were obtained from the data using three methods: (1) application of Eq.1 using the jet height measured directly from the X-ray images, (2) integration of the jet velocity as described in Eq.2, and (3) by comparing the X-ray images with simulated images obtained from a hydrocode that included a cerium EOS and a simple strength model with a variable yield stress. The yield stress values obtained using these three different methods were in reasonable agreement.
It is important to note that the yield stress values provided by the RMI method correspond to a tensile state the develops after shock cycling the material. This can be seen in the following FLAG simulations that were performed for cerium to examine the evolution of the jet during the RMI experiment. The results are shown in Fig. 5 for parameters consistent with shot 13-030. In Fig. 5 -A, the shock wave is shown as it arrives at the cerium-vacuum interface and begins interacting with the bottom of the groove. The stress state behind the shock front is approximately 5.2 GPa consistent with the material being in the α phase.
Prior to significant evolution of the jet (Fig. 5-B through D) , the shock wave reflects from the cerium-vacuum interface, and the material releases from the Hugoniot state to low pressure (note that the cerium-vacuum interface is always at a zero pressure state). The release path shown in Fig. 1 extends from the Hugoniot (α phase) to low-pressure (γ phase) exceeding the critical point where the reversion from the α to γ is continuous (no volume change). The final release state from which the jet begins to form is in the low-pressure γ phase though at higher residual temperatures between 478 and 557 degrees K. This is a key finding, and illustrates the advantage of using hydrodynamic simulations to complement the high fidelity experimental data obtained using the X-ray PCI diagnostic. Furthermore, this means that although the yield stress is likely affected by microstructural changes caused by plastic deformation (in the copper experiments) or the phase transition (in the cerium experiments), conclusions about the evolution of strength and correlations with the microstructure, in particular, during loading are not possible using RMI experiments alone. To this end, efforts are underway to examine material strength in the initial peak shocked state (point B in Fig. 1) using the double-shock method 13 and X-ray diffraction. 48 Additional RMI experiments on cerium with different grain size are in progress to examine the effect of the initial cerium grain size on the yield stress. In this way, data will be obtained throughout the loading process providing insight into the evolution of strength.
V. SUMMARY
In conclusion, we have used the high spatial and temporal resolution of X-ray imaging coupled to an impact system at the Advanced Photon Source to study jet formation in cerium metal. By measuring the jet velocity and obtaining X-ray images of the jets as they evolved, we were able to estimate the yield stress in tension for a material that was initially shockcycled through a solid-solid phase transition and then released to a high-temperature state back in the γ phase. The experimental data were compared to continuum calculations that included an experimentally validated, multi-phase EOS for cerium to account for the phase transition and the nonlinear response in the γ − α region. Overall, the experimental and calculated results were in reasonable agreement, and the data show that the yield stress of cerium decreased by approximately 30 percent, from 0.15 to 0.11 GPa, as the peak impact stress in the sample increased from 5.62 to 7.64 GPa. Furthermore, the uncertainty was observed to decrease by approximately 50 percent for yield stress values calculated using the X-ray images. Work is underway to continue the study of material strength for a phase transforming solid by applying the reshock method reported previously 13 combined with X-ray diffraction techniques 7, 48, 49 to examine strength in the high pressure α phase prior to release. We expect that the data shown here coupled with future work will continue provide insight into underlying mechanisms governing material strength which will aid in the development of physically based, strength-aware multi-phase equation-of-state models for materials that are required to predict and control the response of matter at extreme conditions.
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show that small changes in Y lead to significant variation in jet height. 
